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A sustainable, heat-resistant and flame-retardant cellulose-based composite nonwoven has been 
successfully fabricated and explored its potential application for promising separator of high-performance 
lithium ion battery. It was demonstrated that this flame-retardant cellulose-based composite separator 
possessed good flame retardancy, superior heat tolerance and proper mechanical strength. As compared to 
the commercialized polypropylene (PP) separator, such composite separator presented improved electrolyte 
uptake, better interface stability and enhanced ionic conductivity. In addition, the lithium cobalt oxide 
(LiCo0 2 )/graphite cell using this composite separator exhibited better rate capability and cycling retention 
than that for PP separator owing to its facile ion transport and excellent interfacial compatibility. 
Furthermore, the lithium iron phosphate (LiFeP0 4 ) /lithium cell with such composite separator delivered 
stable cycling performance and thermal dimensional stability even at an elevated temperature of 120°C. All 
these fascinating characteristics would boost the application of this composite separator for 
high-performance lithium ion battery. 

Lithium ion battery (LIB) has received wide-spread attention for large-scale power sources and promising 
energy storage devices owing to its high power, high energy density and long cyclelife 1 " 14 . Accordingly, there 
are increasing requirements for LIB key materials especially separator. LIB separator performed the crucial 
functions of physically separating the anode and cathode while permitting free flow of lithium ions 15 " 17 . It is well 
recognized that the microporous structure and thermal dimensional stability of separators considerably affect the 
battery performance, including power densities, cycle life and safety characteristics. Currently, polyolefin micro- 
porous membranes were the most widely used separators for commercial LIB due to their advantages, such as 
good electrochemical stability, proper thickness, and considerable mechanical strength 1819 . Nevertheless, there is 
still quite challenging because polyolefin separators often suffer from poor electrolyte wettability and severe 
dimensional instability at an elevated operating temperature when the battery was running at high charge/ 
discharge current 20,21 . Poor electrolyte wettability would lower rate capability of the battery because of high 
internal ionic resistance. In addition, severe dimensional instability may cause internal short-circuiting or lead 
to thermal runaway especially for use in batteries at high charge/discharge current. Therefore, it is mandatory to 
develop highly safe separators with good electrolyte wettability, superior thermal resistance and flame retardancy 
to improve safety issues of LIB. 

From a practical point of view, an ideal separator should possess low cost, high electrolyte uptake, high thermal 
stability, excellent flame retardancy, proper mechanical strength which contributes to the superior battery 
performance. Moreover, with exhausted fossil oil and severe environmental pollution, renewable polymers are 
highly motivated as an alternative to polyolefin-based materials 22 . It is well known that cellulose is one of the most 
abundant, renewable resources on the earth and possesses outstanding properties such as high dielectric constant, 
good chemical stability and superior thermal stability 23 " 26 . These excellent properties could qualify cellulose an 
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ideal substitute for fossil-based separators of battery application. In 
recent years, many efforts have been made to develop high-perform- 
ance separators from low cost, renewable cellulose 27 " 30 . It was 
reported that eco-friendly cellulose nanofibers can be successfully 
explored as a separator for LIB 28 . Cui et al. explored renewable, low 
cost and environmentally benign cellulose/poly (vinylidene fluoride- 
co-hexafluoropropylene) composite nonwoven as an advanced sepa- 
rator for high-performance LIB via an electrospinning technique 
followed by a dip-coating process 29 . Furthermore, the porous struc- 
ture-tuned cellulose nanofiber separators were also developed as a 
promising alternative to commercial polyolefin separators for LIB via 
a facile fabrication strategy based on colloidal Si0 2 nanoparticle- 
assisted structural control by Lee and his coworker 30 . However, cel- 
lulose is highly flammable, which is unfavorable for safety concern 
when LIB was abused 31,32 . In terms of safety consideration of LIB, it is 
critical to develop thermal resistant and flame -retardant cellulose 
separator. 

Herein, we presented a renewable, flame- retardant and thermal 
resistant cellulose-based composite nonwoven separator (here- 
inafter, abbreviated as "FCCN separator") as LIB separator. To the 
best of our knowledge, this is the first scientific report that addresses 
highly flame-retardant FCCN separator of high-power LIB. Our 
results demonstrate that FCCN separator is a very promising sepa- 
rator to significantly improve the safety issue of LIB owing to its good 
flame retardancy, superior thermal stability and electrochemical 
characteristics. Another motivation of this work shed light on an 
ideal substituent of synthetic polymer derived from fossil oil by 
renewable polymer as clean energy material owing to its versatile 
diversity and easy processability. 

Results 

Preparation of FCCN separator. Figure 1 outlined the preparation 
process of the FCCN separator. Cellulose pulp (20 g), sodium alginate 
(SA) (10 g), flame retardant (FR) (10 g) and silica (5 g) were placed 
into 1 L deionized water and pulped for 5 h to yield completely 
dispersed FCCN suspension. The obtained FCCN suspension was 
poured on a papermaking machine followed by vacuum filtration 
to generate a wet FCCN paper. Then the wet FCCN paper was 
transferred to a plate dryer to remove additional water and 
subsequently rolled under a pressure of 10 MPa at 95°C, leading to 
the generation of a FCCN separator. Cellulose nonwoven separator 



without flame retardant, sodium alginate and silica (abbreviated as 
"CN separator") was prepared by papermaking method for a fair 
comparison. 

Morphological and physical characterization. Typical SEM images 
of PP separator, CN separator and FCCN separator were 
demonstrated in Figure 2. PP separator showed uniform and 
typically elliptic pores, which were formed via a uniaxially 
stretching technology as revealed in Figure 2a 9 . The long axis of 
the pore was 100-500 nm and the short axis of about 50 nm. It 
was obviously observed in Figure 2b that CN separator consisted 
of randomly arranged fibers with diameter size of 2 ± 0.2 |im and 
it possessed excessively large- sized pores (>4 um). Because of large 
pore size, pristine CN separator generally suffered from internal 
short circuit ascribed to lithium dendrites during the charge- 
discharge process 28 . Compared with CN separator, FCCN 
separator (Figure 2c-d) presented distributed pores with diameters 
ranging from 100 nm to 200 nm, which was expected to play a 
critical role in preventing internal short-circuits, avoiding self- 
discharge and achieving uniform current density especially for 
batteries operating at high charge/discharge rates 29 . In addition, 
this tortuous structure was favourable to prevent the growth of 
lithium dendrites, which was advantageous to battery safety 33,34 . 

Physical and electrochemical parameters of PP separator and 
FCCN separator were listed in Table 1. It should be noted that 
Gurley value of FCCN separator was 45 s, which was much lower 
than that of PP separator (235 s). It was well known that lower 
Gurley value of FCCN separator was attributed to highly porous 
structure of the membrane, which was well consistent with the 
SEM analysis. The improvement in the microporous structure of 
the separator was further confirmed by the porosity. Obviously, 
the porosity of FCCN separator (70%) was fairly higher than that 
of PP separator (55%). Tortuosity was used to provide information 
regarding the transport of ions on the effect of pore blockage, which 
was calculated from the porosity and the ionic conductivity 35 . Table 1 
compared tortuosity calculated of PP separator and FCCN separator. 
As is well known, t > 1 is good for dendrite resistance but can lead to 
higher separator resistance. Here the t value of FCCN separator was 
observed to encompass lower tortuosity value compared to PP sepa- 
rator favoring the dendrite resistance as well as reducing the sepa- 
rator resistance reasonably 1 . High porosity can result in high 
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Figure 1 | Schematic illustration for the preparation process of FCCN separator. (We appreciated Chuanjian Zhang for his contribution in designing 
and drawing Figure 1). 
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Figure 2 | Typical SEM micrographs of (a) PP separator (X8000), (b) CN separator (X8000), (c) FCCN separator (X8000) and (d) FCCN separator 
(X 20000). 



electrolyte uptake, and consequently lead to high ionic conductivity 
of electrolyte-soaked FCCN separator, which was favourable to facil- 
itate rapid ionic transportation 36,37 . 

A separator should possess good electrolyte wettability to retain 
the electrolyte efficiently during the charge/discharge process 38 . 
Contact angle between the separators and liquid electrolyte (1 M 
LiPF 6 in EC/DMC) were conducted to characterize the electrolyte 
wettability of PP separator and FCCN separator. It was clearly dis- 
played from Figure 3 that the contact angle of PP separator (84°) 
was much higher than that of FCCN separator (15°), which con- 
firmed that FCCN separator exhibited better electrolyte wettability 
than PP separator 39 . The electrolyte wettability rate of PP separator 
and FCCN separator were also evaluated by comparing the electro- 
lyte immersion-height of the separators (Figure SI). Obviously, the 
immersion-height of FCCN separator (2.9 cm) was greater than 
that of PP separator (0.2 cm). The higher immersion -height verified 
that FCCN separator was more lyophilic to liquid electrolyte. As a 
method for quantitative testing, the electrolyte uptake was listed in 
Table 1. The electrolyte uptake of FCCN separator was 270%, which 
was higher than that of PP separator (125%). This remarkable liquid 
electrolyte wettability of FCCN separator may be ascribed to the 
well interconnected microporous structure and the intrinsically lyo- 
philic nature of cellulose material. Thus, high porosity, lower Gurley 
value, and superior electrolyte wettability of FCCN separator were 
beneficial to improve the rate capability and cycling stability of 
LIB 16 . 

Lithium ion battery separator should be enough mechanically 
robust to withstand the high tension after casual collisions and pre- 
vent internal short-circuits caused by the rough electrode surface, 
debris and growth of lithium dendrite 119 . The stress-strain curves of 
PP separator, CN separator and FCCN separator were depicted in 
Figure S2. It was clearly demonstrated that FCCN separator exhib- 



ited an enhanced tensile strength of 45 MPa and deformation of 
6.5%, which was much higher than that of CN separator (22 MPa 
with deformation of 3.5%). Obviously, the tensile strength of FCCN 
separator was much better than the transverse strength of PP sepa- 
rator (12 MPa) and lower than that of PP separator at the machine 
direction (120 MPa) 40 . PP separator was prepared via a uniaxially 
stretching technology. Different orientations at vertical and hori- 
zontal directions lead to the different tensile strength. However, 
FCCN separator was fabricated by papermaking process. The distri- 
bution of cellulose microfibers in FCCN separator was uniform, thus, 
tensile strength is same at both vertical and horizontal directions. In 
addition, sodium alginate and silica nanoparticles were used for 
bonding cellulose fiber, further enhancing the tensile strength of 
FCCN separator. So, the tensile strength of FCCN separator was 
much better than the transverse strength of PP separator (12 MPa) 
and lower than that of PP separator at the machine direction 
(120 MPa). Interestingly, FCCN separator has a considerably higher 
Young's modulus (690 MPa) than that of the PP separator 
(260 MPa). High Young's modulus is advantageous to remain mech- 
anical integrity and avoid the rupture of the separator when it 
encounters accident crash 29 . 

Thermal analysis and flame retardancy. Thermal stability property 
of separators was another vital aspect about battery safety 
characteristic 19 . According to the DSC analysis shown in Figure 4a, 
the exothermic peak of polypropylene (PP) was related to the melting 
temperature of the material. The melting temperature of PP was 
165°C, whereas the FCCN separator possessed superior thermal 
stability up to 300°C, which agreed well with the reported value in 
previous literature 41 . This implied that FCCN separator possessed 
better thermal stability than PP separator. This excellent thermal 
stability of FCCN separator might originate from the thermal 



Table 1 | Physical and electrochemical parameters of PP separator and FCCN separator 

Sample Thickness (jam) Porosity (%) Gurley value (s/1 00 cc) Uptake (%) Ionic conductivity (mS cm" 1 ) Tortuosity 

PP separator 25 55 235 125 0.65 3.1 

FCCN separator 40 70 45 270 2 2 
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Figure 3 | Contact angle images between the separators and liquid electrolyte. 



resistance of cellulose. Therefore, FCCN separator has great potential electrodes from contacting one another at elevated temperatures 5 , 

in cells operating at an elevated temperature. The inset of Figure 4b was the photograph of PP separator and FCCN 

Thermal shrinkage of the separator was another essential factor to separator after thermal treatment at 150°C for 0.5 h. It can be found 

evaluate safety characteristics and battery performance of the lithium that FCCN separator exhibited negligible dimension change, while 

ion battery 42 ' 43 . As shown in Figure 4b, FCCN separator exhibited the PP separator generated significant shrinkage (>40%) which veri- 

negligible thermal shrinkage than that of PP separator over a wider fied FCCN separator to exhibit excellent thermal dimensional 

range of temperatures. A separator must be qualified to prevent the stability. Figure 4c showed contact test between hot electric iron tip 



60 




Figure 4 | (a) DSC curves of PP separator and FCCN separator, (b) Thermal shrinkage rate of PP separator and FCCN separator over a temperature 
range from 100°C to 150°C, and the inset is the photograph of PP separator and FCCN separator after thermal treatment at 150° C for 0.5 h, (c) 
Contact test between hot electric iron tip and separators, (d) Combustion behavior of PP separator and FCCN separator. 
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and separators. Obviously, the hole- area of PP separator propagated 
after hot soldering iron tip contacting test, which was detrimental to 
ensure safety of battery. While FCCN separator was extremely safe 
and had no hole. This superior thermal tolerance could effectively 
prevent internal electrical short circuit at elevated temperatures when 
the battery was operated at high charged/discharged rates 30 . Thus, 
FCCN separator was an advanced separator for application in LIB 
with requested thermal safety. 

Table 2 listed limiting oxygen index (LOI) and heat release of PP 
separator and FCCN separator. LOI, which corresponds to the per- 
centage of oxygen in an oxygen-nitrogen atmosphere, is used to 
assess flame retardancy of polymeric materials 44 . The higher the 
value of LOI is, the better the flame retardancy is. As Table 2 indi- 
cated, the LOI value of FCCN separator was 40%, which was much 
higher than that of PP separator (18%). In addition, combustion 
behavior of PP separator and FCCN separator was displayed in 
Figure 4d. PP separator ignited and burned more quickly, while 
FCCN separator hardly ignited. It was deduced that inflame retard- 
ing property of FCCN separator was superior to that of PP separator. 
Automatic oxygen bomb calorimeter was used to assess heat release 
value quantitatively. It was worth noting that the heat release of 
FCCN separator (9662 J/g) was much lower than that of PP sepa- 
rator (45326 J/g). The superior inflame retarding property and lower 
heat release of FCCN separator could significantly improve the safety 
characteristics of LIB. 

Electrochemical characterizations. The separator must be chemically 
stable against the electrolyte, especially under the strongly oxidative 
environments 45 ' 46 . So it is important to investigate the electrochemical 
stability of the electrolytes within the operation voltage of the battery 
system for practical battery applications. Figure S3 depicted linear 
sweep voltammograms for PP separator and FCCN separator. 
Obviously, the electrochemical working window of the electrolyte 
soaked PP separator was about 4.7 V vs. Li + /Li, which was in good 
agreement with the previously reported studies 47 , while that of FCCN 
separator was up to 4.9 V vs. Li + /Li. This result indicated that FCCN 
separator possessed good compatibility with carbonate electrolyte 
when compared to that of PP separator. It is obvious that such 
FCCN separator is very promising for applications in high-power LIB. 

Ionic conductivity is considered as a key factor of electrolyte 
because relatively high value can ensure better rate capability of 
the battery 47,48 . Figure S4 showed the Nyquist plots of liquid electro- 
lyte-soaked PP separator and FCCN separator. The intercept of the 
semicircle with the real axis was the electrolyte bulk resistance (Rb). 
The ionic conductivity was then calculated from the R b values by 
employing the formula: a = L/R b A, where L was the thickness of the 
separator sample and A was the contact area between the separator 
and the electrode. It can be obtained that the ionic conductivity of 
FCCN separator was 2.0 X 10" 3 S cm" 1 , which was much higher 
than that of PP separator (0.65 X 10" 3 S cm" 1 ). The interconnected 
porous structure and polar chemical composition of FCCN separator 
was benificial to higher ionic conductivity 49 . 

The interfacial compatibility of lithium metal with separator was 
another factor to affect battery performance 50 . Figure S5 depicted the 
interfacial compatibility of the liquid electrolyte-soaked separators 
with a lithium metal anode, which was characterized by the electro- 
chemical impedance spectroscopy. It could be observed that the 
interfacial resistance was 170 Q for FCCN separator and 350 CI 
for PP separator, respectively. Obviously, the interfacial property 



Table 2 | LOI and heat release of PP separator and FCCN separator 

Samples PP separator FCCN separator 

LOI (%) 1 8 40 

Heat Release Q/g) 45326 9662 



between anode and separator can be significantly improved in 
the case of FCCN separator, which indicated that FCCN separator 
could endow better interfacial characteristics for lithium battery 
separator 21 . 

Discussion 

The practical application of FCCN separator for LIB was explored in 
terms of cell performance, which included rate capability and cycle 
performance. Figure 5a displayed rate capability plots of the LiCo0 2 / 
graphite cells from 2.75 to 4.20 V at different rates (0.2 C, 0.5 C, 
1.0 C, 2.0 C, 4.0 C and 8.0 C). It can be observed from Figure 5a 
that the cell at 0.2 C achieved the highest specific capacity, 129 mAh 
g" 1 for FCCN separator and 128 mAh g" 1 for PP separator. In addi- 
tion, the discharge capacities of the cell using FCCN separator 
decreased with increasing discharge rates, but it still kept relatively 
high capacity as a whole. In the case of the cells with FCCN separator, 
the capacity kept 107 mAh g" 1 at 4 C and 83 mAh g" 1 at 8 C rate, 
respectively. However, the capacity of the cells employing PP sepa- 
rator decreased rapidly to 86 mAh g" 1 at 4 C and 47 mAh g" 1 at 8 C, 
respectively. It was reasonable to deduce that the FCCN separator 
exhibited much better rate capability when compared to that of PP 
separators. Superior rate performance was ascribed to the higher 
ionic conductivity and lower interfacial resistance of FCCN sepa- 
rator 5153 . In fact, for the high-energy commercial LIB, 8 C is enough 
for high power. Hence, FCCN separator is highly suitable separator 
for high energy lithium ion battery. 

Cycling stability was also an important parameter for rating 
lithium ion battery 47 . Figure 5b presented the cycling stability of 
the LiCo0 2 /graphite cells using PP separator and FCCN separator 
at 0.5 C/0.5 C up to 200 cycles. As shown in Figure 5b, the cells with 
FCCN separator showed stable cycling performance and higher 
capacity retention ratio than that of PP separator after 200 cycles. 
The obtained capacity retention after 200 cycles for the cells was 75% 
for FCCN separator and 61% for PP separator, respectively. The 
better cycling stability of the cells using FCCN separator could be 
attributed to its better electrolyte retention and more compatible 
interface than that of PP separator 54 . 

To investigate the variation of cell impedances during cycling, AC 
impedance measurement was carried out for LiCo0 2 /graphite cells 
assembled with PP separator and FCCN separator after the first cycle 
and after the 200 cycles test. It is well known that the semicircle at 
high frequency zone represents the charge-transfer resistance 
accompanied with migration of lithium ion between the electrode 
and electrolyte interface. The straight slopping line corresponds to 
the diffusion of lithium ion in the active material of electrode 55 . It can 
be seen from Figure 5c that the charge-transfer resistance of the cell 
using FCCN separator after the first cycle was 20 Q, which was very 
close to that of PP separator. It was quite obvious to observe from 
Figure 5d that the charge-transfer resistance of the cell using FCCN 
separator after the 200 cycles test was 42 Q, whereas that of the PP 
displayed 130 Q. The better charge-transfer behavior of FCCN sepa- 
rator was directly related to excellent interface stability and improved 
electrolyte retention in FCCN separator 28 . Better rate capability and 
cycle performance of the cell with FCCN separator would be attrib- 
uted to the limited cell impedance increase during long term cycling 
and improved electrolyte retention of FCCN separator. 

For practical battery applications, it is important to investigate the 
cycle performance not only at room temperature, but also at elevated 
temperature 56 . Herein, we selected LiFeP0 4 as the preferred cathode 
material owing to its better performance at elevated temperature 57 . 
Figure 6 depicted cycle performance and charge/discharge curves of 
LiFeP0 4 /Li cells using PP separator and FCCN separator at 120°C. 
As revealed in Figure 6a, the LiFeP0 4 /Li cell using FCCN separator 
exhibited much better cycling performance than PP separator. 
Moreover, it can be easily observed in Figure 6b that the LiFeP0 4 / 
Li cell using FCCN separator can sustain stable charge/discharge 
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Figure 5 | (a) Rate capability and (b) cycling stability of the LiCo0 2 /graphite cells using PP separator and FCCN separator. Nyquist plots for the 
LiCo0 2 /graphite cells using PP separator and FCCN separator measured (c) after the first cycle and (d) after the 200 cycles test. 



curves, in contrast, PP separator could not even be stably charged and 
discharged at 120°C The main reason was associated with significant 
thermal shrinkage of PP separator at the elevated temperature, which 
caused internal short-circuits in the cell. These results demonstrated 
that FCCN separator possessed better thermal stability and would 
enhance safety characteristic of LIB. From the above mentioned 



discussion, it is abundantly clear that FCCN nonwoven is very prom- 
ising for high-power LIB separator. 

In conclusion, a cellulose-based composite separator with good 
electrolyte wettability, high ionic conductivity, excellent flame retar- 
dancy and superior thermal resistance was developed for improving 
the safety characteristics of LIB. It was demonstrated that the 
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Figure 6 | (a) Cycle performance and (b) charge/discharge curves for LiFeP0 4 /Li cells using PP separator and FCCN separator at 120 °C. 
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LiCo0 2 /graphite cell using FCCN separator displayed better rate 
capability and enhanced capacity retention when compared to those 
of PP separator. In addition, FCCN separator based lithium iron 
phosphate (LiFeP0 4 )/lithium (Li) cell exhibited stable charge-dis- 
charge profiles and satisfactory cycling stability even at an elevated 
temperature of 120°C. Those advantages endow it a promising sepa- 
rator for LIB that powers consumer electronics and hybrid electric 
vehicles. All these results suggest that such FCCN separator is also 
very attractive in other electrochemical devices (such as sodium ion 
battery, lithium-sulfur battery and super capacitor) 58 " 60 . 

Methods 

Sample collection. PP separator (Celgard 2500) used as comparative analysis was 
purchased from Celgard Company (USA). Cellulose pulp was supplied by Shandong 
Yinying Chemical Co., Ltd (China). Nitrogen- Phosphorus complex flame retardant 
(FR) was purchased from Qingdao Haihua flame-retardant materials Co., Ltd. 
(Shandong, China). Sodium alginate (SA) was provided by the Qingdao Mingyue 
Company (Shandong, China). Silica nanoparticle (30 nm) was supplied by 
Guangcheng Chemistry Reagents Ltd. (Tianjin, China). Other chemical reagents were 
all purchased commercially and used without further purification. Valley beating 
machine (ZDJ100) was offered by Shandong Yinying Chemical Co., Ltd (China). 
Papermaking machine was purchased from Estanit GbmH Co., Ltd. (German). 

Samples characterization. The morphology of the separators was observed using a 
field emission scanning electron microscope (Hitachi S-4800 at 3 kV). The thickness 
of each separator was measured using a micrometer. The air permeability was 
obtained using a Gurley-type densometer (41 ION, Gurley) by measuring the time of 
100 cc air to pass through the separator. The porosity was measured by immersing the 
separator into n-butanol for 2 h and calculating with the following equation: Eq. (1): 
P = [(m b /p b )/(m b /p b + m a /p a )] X 100%, where m a and m b were the mass of the 
separator and n-butanol, p a and p b were the density of separator material and n- 
butanol, respectively. The liquid electrolyte uptake was determined by following Eq. 
(2): EU = [(W - W 0 )/W 0 ] X 100%, where W D and W indicated the separator weight 
before and after liquid electrolyte absorption, respectively. The extra solution (n- 
butanol or electrolyte) at the surface of the separator was absorbed with a filter paper 
before measuring the weight. Contact angle measurement was performed using a 
JC2000C Contact Angle Meter. Contact angle of 5 uL electrolyte droplet was 
measured using a JC2000C Contact Angle Meter. Tortuosity of the membranes was 

calculated by using the relationship: x = ^— x P^J 2 , where a 0 and o are the 

conductivity of the neat liquid electrolyte and electrolyte- soaked membrane, 
respectively, and P is the porosity of membrane. The stress-strain curves of the 
separators were tested using an Instron-3300 universal tensile tester (USA) at a speed 
of 10 mm min" 1 using samples with 1 cm in width and 8 cm in length. Young's 
modulus (E) can be calculated with the following equation: Eq. (3): E = a/s, where a 
and s stress and strain of the separator. Differential scanning calorimeter (Diamond 
DSC, PerkinElmer) was used to evaluate the thermal properties of the separators. 
Samples were scanned from 50°C to 300°C at a heating rate of 10°C/min under a N 2 
atmosphere. To evaluate its thermal shrinkage behavior, the separator was placed in 
an oven and heated at 150°C for 0.5 h. Thermal shrinkage ratio (TSR) was calculated 
according to Eq. (4): TSR (%) = (S D - S/S Q ) X 100%. Here, S G and S represent the area 
of the separator before and after thermal treatment at a series of temperature for 0.5 h, 
respectively. Contact test between hot electric iron tip and separator was performed as 
follows: Soldering iron tip was first heated to 400°C and contacted to separator gently 
for 1 second, then recorded the changes of surface morphology of separator. Limiting 
oxygen index (LOI) measurement was undertaken using JF-3 type oxygen index tester 
(China). Heat release value was determined by automatic oxygen bomb calorimeter 
(IKA C200, German). 

Electrochemical evaluation. The separators for the electrochemical stability 
measurement were sandwiched between lithium metal and stainless steel electrode in 
a test cell. And then the electrochemical stability was measured by using a liner sweep 
voltammetry at a scan rate of 1.0 mV s" 1 from 2.5 V to 6 V. The ionic conductivity 
and cell resistance were evaluated via AC impedance analyses (Zennium) over a 
frequency range from 1 Hz to 10 6 Hz and under an AC voltage of 10 mV. The ionic 
conductivity was then calculated by using formula: a = L/R b A, where L was the 
thickness of the separator and A was the contact area between the separator and the 
stainless steel electrode, R b was the bulk resistance. The full coin cells (2032-type) with 
LiCo0 2 cathode, graphite anode and separator soaked with liquid electrolyte were 
assembled in a argon-filled glove box. The anode had a composition of 93 wt% 
graphite, 2 wt% carbon black, 1.5 wt% CMC and 3.5 wt% SBR as a polymeric binder. 
The cathode was composed of 90 wt% LiCo0 2 , 5 wt% carbon black, and 5 wt% 
PVdF. The electrolyte was LiPF 6 (1 M) with ethylene carbonate (EC)/dimethyl 
carbonate (DMC) (1:1 v/v). The rate capability and cycling stability were performed 
using a LAND battery testing system. The charge/discharge current densities were 
varied from 0.2 C (20 mA g" 1 ) to 8.0 C (800 mA g" 1 ) for rate capability under a 
voltage range between 2.75 V and 4.2 V. The cells were cycled at a fixed charge/ 
discharge current density of 0.5 C (50 mA g _1 )/0.5 C (50 mA g" 1 ). A coil cell (2032- 
type) was assembled by sandwiching a separator between a lithium metal foil anode 



and a LiFeP0 4 cathode and then filling liquid electrolyte. The LiFeP0 4 cathode was 
composed of 90 wt% LiFeP0 4 , 10 wt% carbon black, and 5 wt% PVdF. The 
electrolyte was lithium bis(oxalate)borate LiBOB (1 M) with propylene carbonate 
(PC). Cycling stability of the cells was characterized using a LAND battery testing 
system at an elevated temperature of 120°C. The cells were cycled at a fixed charge/ 
discharge current density of 0.5 C/0.5 C under a voltage range between 2.5 V and 
4.0 V. 
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